Attention deficit hyperactivity disorder (ADHD) is a highly heritable neurodevelopmental disorder with complex genetic aetiology. The identification of candidate intermediate phenotypes may facilitate the detection of susceptibility genes and neurobiological mechanisms underlying the disorder. Electroencephalography (EEG) is an ideal neuroscientific approach, providing a direct measurement of neural activity that demonstrates reliability, developmental stability and high heritability. This systematic review evaluates the utility of a subset of electrophysiological measures as potential intermediate phenotypes for ADHD: quantitative EEG indices of arousal and intraindividual variability, and functional investigations of attention, inhibition and performance monitoring using the event-related potential (ERP) technique. Each measure demonstrates consistent and meaningful associations with ADHD, a degree of genetic overlap with ADHD and potential links to specific genetic variants. Investigations of the genetic and environmental contributions to EEG/ERP and shared genetic overlap with ADHD might enhance molecular genetic studies and provide novel insights into aetiology. Such research will aid in the precise characterisation of the clinical deficits seen in ADHD and guide the development of novel intervention and prevention strategies for those at risk. 
of 25 years and a further 50% showing persistence of some symptoms giving rise to continued impairments (Ref. 3) .
ADHD tends to run in families, with a risk of ADHD to first-degree relatives of an affected proband around four to ten times the general population rate (Ref. Candidate gene studies for ADHD implicate genetic variants involved in the regulation of dopamine and related neurotransmitter systems, predicted by the effects of stimulant medications that increase the amount of synaptic dopamine (Ref. 12) . The most consistent evidence of genetic associations with ADHD is for variants within or near the genes for the dopamine D4 receptor (DRD4) and D5 receptor (DRD5) (Ref. 13 ). There are numerous, yet inconsistent, reports of association with the dopamine transporter gene, which nevertheless seem to implicate this gene with associated polymorphisms found in two distinct regions ( Refs 13, 14, 15, 16, 17, 18, 19) . Other neurotransmitter systems are also likely to be involved. For example, serotonin is linked to poor impulse regulation (Ref. 20) , low platelet and whole-blood levels of serotonin have been reported in ADHD (Ref. 21) , and several studies report association between ADHD and the serotonin transporter and serotonin 1B receptor genes (Ref. 19) .
Such studies have, however, had only limited success in identifying risk alleles for ADHD, major limitations being the low risk conferred by individual genetic variants and insufficient sample size (Ref. 22) . Recent genome-wide association scans found no genetic variants that passed genome-wide levels of significance, although there was evidence for association in a group analysis of 51 nominated candidate genes ( Refs 23, 24, 25) . A potential novel finding is association with the cadherin gene (CDH13), which was implicated in more than one genome-wide association study of ADHD (Refs 26, 27, 28) and lies within the only region that reached genome-wide significance in a meta-analysis of ADHD linkage studies (Ref. 29) . This finding and other hints from genome-wide association studies indicate that genes involved in cell division, cell adhesion, neuronal migration and neuronal plasticity may also be implicated in ADHD (Ref. 28) .
Despite some advances, it is necessary to consider the reasons for the overall lack of progress. The most likely reasons are the presence of multiple genes of very small effect, heterogeneity of aetiological influences, and interactions between genes and the environment (Ref. 22 ). In addition, we do not yet understand the contribution made to ADHD from rare copy number variants, which confer moderate to large effects in some cases (Refs 30, 31) .
One approach to these problems is to gather very large sample sizes needed for sufficient power to detect genes of very small effect. Yet there are complementary strategies that posit that molecular genetic research should not be restricted to the clinical phenotype alone, but should also investigate genetic factors that account for neurobiological processes that underlie the heterogeneity of ADHD.
The intermediate phenotype (endophenotype) concept
Intermediate phenotype research aims to identify neurobiological processes that mediate between genes and behaviour and might therefore be more proximal to gene function (Ref. 32) . Key criteria for endophenotypes are listed in Box 1. Intermediate phenotypes may be less heterogeneous and genetically less complex than behavioural phenotypes, and potentially associated with greater effect sizes from individual genes. For example, some risk alleles may explain up to 10% of phenotypic variance for certain functional magnetic resonance imaging (fMRI) phenotypes (Refs 40, 41) . Furthermore, investigation of measures related directly to brain function is required if we wish to explain the neurobiological processes that underlie risk for ADHD.
Several potential intermediate phenotypes have been identified in ADHD (for reviews, see Refs 33, 42, 43, 44) . Here we focus on electrophysiological approaches using electroencephalography (EEG), which records the ongoing electrical activity generated by underlying brain structures, recorded from electrodes placed on the scalp. Electrophysiological parameters are ideal for intermediate phenotype research in ADHD because of the supreme temporal resolution that enables investigation of impairment in individual stages of information processing and abnormal state processes such as arousal, as well as the high reliability and heritability of many electrophysiological measures (Refs 45, 46) . Furthermore, there are consistent findings across studies suggesting abnormal electrophysiological processes in ADHD (Refs 45, 46) and evidence that some of the impaired processes are developmentally stable (Refs 47, 48) . Finally, the noninvasive and cost-effective nature of EEG helps generate the relatively large sample sizes required for molecular genetic studies.
This systematic review evaluates the use of a subset of candidate electrophysiological measures as potential intermediate phenotypes for ADHD, assessing the following: association between the measure and ADHD; heritability of the measure, and the extent to which ADHD and the measure share familial/genetic influences; and associations between the measure and genetic variants.
Quantitative EEG EEG power
EEG power is quantified into certain frequency bands of interest (defined in Fig. 1 
Heritability
It is well established that EEG parameters are largely determined by genetic factors. Higher twin concordance rates in the spectral characteristics of resting eyes-closed EEG have been reported for monozygotic than for dizygotic pairs (Refs 64, 65, 66) . The first large twin study of resting EEG found high heritability across all frequency bands (delta 76%, theta 89%, alpha 89% and beta 86%), with heritability ranging from 55% to 90% in 5-yearold twins and from 70% to 90% in 16-year-old The association between the dopamine transporter gene (SLC6A3/DAT1) and EEG patterns was investigated in a double-blind, placebo-controlled methylphenidate (MPH) study in a small sample of 27 children with ADHD (Ref. 75) . Findings indicated poor performance on the CPT [increased reaction-time variability (RTV) and error rate] in children with two copies of the ten-repeat allele (DAT1-10R: the risk allele associated with ADHD in children) compared with those with one or two copies of the nine-repeat allele (DAT1-9R). MPH treatment led to decreased theta activity and a lower theta to beta ratio in children with DAT1-10R, whereas those with DAT1-9R showed the opposite pattern. Genetic variation of SLC6A3 may therefore mediate medication-related changes to EEG patterns, and the response variability shown in the DAT1-10R group might reflect underarousal. Such medication-related changes are reported elsewhere in the literature (Refs 76, 77), highlighting the potential for combining genetic and electrophysiological data when considering treatment response. Taken together, these findings suggest that variation in dopaminergic genes may mediate susceptibility to ADHD through effects on cortical activation.
Intermediate phenotype studies also provide information on potential mechanisms of gene function. In classical auditory target detection paradigms, target stimuli evoke increased gamma activity compared with standard stimuli in typical controls (Refs 78, 79) , and when compared with typical controls, individuals with ADHD display higher-amplitude gamma regardless of whether evoked by target or standard stimuli (Ref. 60 ). Using the same task in typical controls, DRD4-7R was associated with an increase in gamma responses to both target and standard stimuli, whereas the DAT1-10R/10R genotype was associated with an increase in gamma response specifically to target stimuli (Ref. 80 ). This suggests that the pattern of the evoked gamma response associated with DRD4 relates to an inhibitory mechanism, whereas the SLC6A3 effect is related to a target detection mechanism, indicating the role of dopamine in the modulation of such activity in more than one way.
Very low-frequency activity and intraindividual variability
One of the most replicated findings in ADHD research is the increased rate of variability in reaction time (RT) on speeded RT tasks (Ref. , which can also be measured using EEG. Increased theta, which is hypothesised to indicate underarousal, was linked to RTV in a family study of ADHD, which found a higher familial contribution to EEG power in a cognitive activation condition than in a resting state condition (Ref. 73) , suggesting that the familial risk for ADHD is associated with a requirement for greater neural activation to achieve a typical level of performance.
A relatively novel approach to investigate the source of RTV in ADHD is the measurement of very low-frequency (VLF; <0.05 Hz) activity. VLF fluctuations may be associated with the brain's default-mode network [DMN, which is itself characterised by slow fluctuations in the haemodynamic signal (Ref. 96 Further research is required to clarify the precise relationship between the DMN and VLF activity before direct comparisons can be made, but current findings suggest that VLF activity can be taken as a novel measure of arousal levels.
VLF 
Association with ADHD
fMRI studies show associations between the brain regions involved in the DMN and ADHD (Refs 105, 106, 107, 108), as well as the DMN and slower RT, increased RTV and error rates (Refs 109, 110, 111, 112) . Although fMRI provides excellent spatial resolution, high temporal resolution is crucial to evaluate the relationship among fast-occurring cognitive processes, task performance and brain processing (Ref. 113) . A preliminary study measured VLF activity at rest in adults with attentional problems, and found that reduced power in the frequency range slow-3 (0.06-0.2 Hz) was associated with a higher number of inattentive symptoms and resembled oscillatory patterns implicated in the DMN (Ref. 114). In the same sample, individuals with increased ADHD symptoms had reduced resttask VLF attenuation (or increased DMI during the cognitive task), and there was a small but significant synchrony between VLF brain activity and fluctuations in RT (Ref. 115) . The authors further demonstrated that adolescents with ADHD also showed reduced VLF activity at rest and reduced rest-task attenuation of VLF compared with controls (Ref. 116) . Although reduced attenuation (or increased DMI) was associated with a higher number of errors and increased RTV, the small sample size limits firm conclusions at this stage. Nevertheless, such findings emphasise the potential importance of the link between attentional control and the DMN and the potential link between attenuation of the default resting state and theories highlighting altered arousal states in ADHD.
Heritability
As discussed, EEG frequency bands show moderate to high heritability and overlap with ADHD (see the 'Heritability' section under 'EEG power' above). In addition, we know that RTV is also heritable and shares familial influences with ADHD (see the 'Very low-frequency activity and intraindividual variability' section above). A study of alpha asymmetry in multiply affected families (Ref. 139 ) reported a pattern of increased rightward alpha asymmetry across frontal and central electrode sites in the offspring of parents with ADHD compared with offspring of parents without ADHD. In the same study, increased rightward alpha asymmetry in parietal regions was associated with a lower familial risk for ADHD. This trait was also found to increase with age only in the offspring of parents who had a childhood diagnosis but were now in remission as compared with the offspring of parents with current (persistent) ADHD. This may suggest a possible adaptive or compensatory mechanism that has a specific familial association with remitting forms of ADHD. 
Genetic association studies

Event-related potentials
Event-related potentials (ERPs) are small voltage fluctuations in the EEG that are evoked from task manipulations and time locked to the onset of certain cognitive, sensory or affective stimuli. ERPs are obtained by averaging the ERP response across multiple trials, to average out background EEG signals and extract specific stimulus-locked ERP patterns. ERPs measure covert processing of external stimuli and
Inhibitory and attentional processing
A task that is often used to assess different executive processes is the cued go/no-go task or the cued CPT (CPT-OX; also referred to as CPT-AX). The CPT-OX, when used in an ERP paradigm, measures attention and inhibition and additionally attentional orienting to a cue and motor response preparation that do not require an overt response (Fig. 3) . ERPs associated with these processes are the go-P3 (enhanced positivity in parietal regions in response to the target) and the no-go-N2 [enhanced negativity at frontocentral locations in response to no-go stimuli and thought to reflect conflict monitoring (Ref. Heritability Meta-analysis of child and adolescent data confirms an average heritability of around 60% for P3 amplitude and 51% for P3 latency (Ref. 69) , although in paradigms that may elicit functionally distinct components (e.g. Ref. 164 ). More recently, comparable heritabilities using a go/no-go task were found in an adult twin sample of 60% in the no-go-N2 component and Event-related potentials associated with cue and no-go stimuli in a CPT-OX task in ADHD adults and controls Expert Reviews in Molecular Medicine 2011 Published by Cambridge University Press Figure 3 . Event-related potentials associated with cue and no-go stimuli in a CPT-OX task in ADHD adults and controls. In the cued continuous performance test (CPT-OX), participants are instructed to respond to cue-target sequences (i.e. O followed by X). In the Flanker version, letters are flanked by distractor letters on either side. The figure shows CNV and stimulus-locked centroparietal cue-P3 (in response to the cue stimulus) and no-go-P3 (enhanced positivity at frontocentral locations in response to no-go stimuli) averages for controls (red) and ADHD participants (black). In ADHD, a reduced CNV indicated abnormal anticipation and preparation, and reduced cue-P3 amplitudes indicated reduced attentional orienting, to cue stimuli. Attenuation of the no-go-P3 indicated the presence of abnormal inhibitory processing in adult ADHD. Figure reproduced from 186 for a discussion on DAT1-9R as a risk allele for adult ADHD) and with putative ADHD risk alleles on the TPH2 (tryptophan hydroxylase 2) gene in a sample of both controls and ADHD adults (Ref. 187) . Finally, in a study of event-related oscillations during a go/no-go task, DRD4-7R carriers showed increased no-go-related theta and reduced go-related beta (Ref. 188) . These findings potentially suggest that genetic variation of dopamine and serotonin genes might be involved with altered regulation of the P3 response in ADHD, perhaps through prefrontal function. 47, 194, 195) , and diminished late error detection indexed by the Pe in children with ADHD (Refs 196, 197) . Similar findings are reported using the stop-signal task (Ref. 195) and using the go/no-go task and the S1-S2 task (Ref. 197 (Figs 4 and 5) .
Performance monitoring
Genetic association studies
The neurobiological role of the anterior cingulate cortex (ACC) has been the focus of considerable attention in relation to performance monitoring. A common interpretation is that ACC activity reflects conflict or outcome monitoring, because studies demonstrate increased ACC activation in tasks that require more cognitive effort (reviewed in Ref. 201) , and studies indicate that the Ne and N2 components share sources in ACC ( Refs 190, 202) [significantly associated with ADHD in metaanalysis (Ref. healthy individuals, carriers of the promoter S allele, which is associated with increased extracellular serotonin levels, had a larger Ne than homozygous L allele carriers (Ref. 211) . Such findings warrant further investigation of the association between neural mechanisms of performance monitoring and specific genetic variants in larger samples.
Clinical implications
This review has alluded throughout to developmental outcomes, but these have yet to be systematically studied. Several studies suggest developmental stability for some of the EEG/ERP parameters, with comparable electrophysiological findings in children, adolescents and adults with ADHD (e.g. related to performance monitoring; Refs 47, 48) . Many of the parameters demonstrate similar heritabilities throughout the lifespan, although this could reflect different genes at different developmental stages. The finding in ADHD that some cognitive-electrophysiological impairments are seen at different ages is important for our understanding of the development course of the disorder. One hypothesis put forward in recent years is that ADHD is associated with enduring subcortical dysfunction, but recovery through development is through improvements in executive (cortical) control (Ref. 212) . This and other dual-process models that emphasise both bottom-up and topdown dysfunctions (Ref. 213) can be meaningfully studied using EEG, for example by examining the interplay between EEGindexed arousal and ERP-indexed attentional fluctuations. Future intermediate phenotype studies can systematically study stability and change to aetiological influences throughout development using longitudinal family and twin designs, and by comparing adults with remitted and persistent ADHD as a way of identifying the brain processes associated with persistence and recovery. Such studies would provide insight into the processes related to the clinical state of ADHD and those that index genetic risk for ADHD independent of clinical status.
EEG in particular has been proposed as a useful tool for the clinical assessment of ADHD (Ref. 214) . In order to be a diagnostic tool, however, it must demonstrate both high sensitivity and specificity. Sensitivity has been reported at 90-97% and specificity at 84-94% in ADHD for combined measures of EEG power and coherence (Ref. 215 ) and a combined mean theta to beta power ratio across four tasks at a single electrode (Refs 216, 217) . However, because this has not been found in all studies it remains uncertain whether this is sufficiently robust for use in clinical practice.
Potential problems may be the common association of ADHD with comorbidities, with as many as 65% of children with ADHD having one or more co-occurring conditions (Ref. 218 One successful clinical application using EEG/ ERP is through neurofeedback (NF). NF uses operant conditioning to train patients to enhance poorly regulated EEG and ERP patterns. Information on the individual's brainwave activity is fed into a computer that converts the information into visual or auditory signals in real time. Improvement is positively rewarded so that individuals learn to control their brainwave patterns. Individualised game-like set-ups are especially useful for training children, but may also be highly effective in adults.
Several studies document the efficacy of NF for ADHD (see Ref. 214 for a review of earlier studies). Psychophysiologists have used findings from electrophysiological studies of ADHD to select the most worthwhile treatment approaches. For example, based on the finding of the increased theta to beta ratio in ADHD, one study used a task in which a bar on the left side of the screen (representing theta activity) had to be reduced and a bar on the right side (representing beta activity) had to be increased (Ref. 228) . The authors reported a decrease in theta activity at post-assessment (1 week following the second treatment block of 3-4 weeks) that was associated with improvements in ADHD symptom scores with an effect size of 0.6. Notably, this effect was specific to the NF group compared with a control group that completed attentional skills training that was designed to parallel the NF treatment in terms of training setting, demands upon participants, therapeutic support, and expectation and satisfaction with the treatment. Moreover, baseline EEG collected pre-assessment was useful in predicting the overall success of NF. A recent meta-analysis (Ref. 229) concluded that NF treatment for ADHD is 'efficacious and specific', shown through improvements in inattention and impulsivity, and to a lesser extent hyperactivity. Furthermore, these improvements appear to be maintained 2 years after the initial treatment (Ref. 230) .
Conclusion
We have shown that EEG and ERP measures related to arousal and attentional processes are potential intermediate phenotypes for ADHD. Each of these domains demonstrates association with ADHD, moderate to high heritability, altered processing in nonaffected first-degree relatives similar to that seen in ADHD, and preliminary reports of association to genetic variants, particularly those involving dopamine regulation (summarised in In conclusion, EEG/ERP is inexpensive and generates reliable and heritable data, making it possible to study brain-behaviour relations with the large sample sizes needed for both quantitative and molecular genetics research; furthermore, it addresses parameters that are of particular importance in understanding the nature of the cognitive performance deficits in ADHD. Several biological, cognitive and behavioural measures can be incorporated into multivariate approaches to provide a detailed dissection of the aetiological influences involved. 
